ABSTRACT
INTRODUCTION
Recently, new techniques have been developed for rapid and quantitative PCR without the risk of carry-over contamination (9, 18, 20) . These real-time techniques are based on either sequence-specific DNA probes or dyes, such as SYBR ® Green I, that detect any dsDNA, regardless of the nucleotide sequence. One of the most recent developments in this area is the use of peptide nucleic acid (PNA) probes for PCR detection (11) .
PNA is a synthetic achiral nucleic acid in which the sugar-phosphate backbone of DNA is replaced by uncharged peptide-like N-(2-aminoethyl) glycine units (5, 10) . PNA-DNA duplexes have a higher thermal stability than the corresponding DNA-DNA duplexes (4) . This is mainly due to the lack of electrostatic repulsion between the PNA strand and its target DNA. Furthermore, the binding of PNA to DNA is specific because a mismatch is more thermally destabilizing than its corresponding DNA-DNA duplex (4). So far, the excellent hybridization properties and the high thermal stability of PNA in combination with PCR have mainly been exploited for PCR clamping (3, 7) . The use of PNA instead of DNA for probes also has the advantage that the uncharged backbone of the PNA leads to an increase in the independence of the system to salt concentration (13, 15) . The uncharged properties of PNA may be an advantage when complex biological matrices are used as PCR samples (2) . Thus, the sequence specificity of PNA and its insensitivity to changes in salt concentration make its application to probe technology very interesting.
The so-called light-up probe consisting of a PNA oligonucleotide linked to an asymmetric cyanine dye has recently been developed for sequencespecific detection of DNA for molecular diagnostic purposes (16) . For instance, light-up probe technology has been used for the detection of purified SalmonellaDNA by conventional PCR (6) . The aim of this study was to combine real-time PCR technology with the light-up probe system to allow the detection of purified DNA and intact cells of Yersinia enterocolitica .
MATERIALS AND METHODS

Real-Time PCR Conditions
Two primer pairs from a multiplex PCR assay for Y. enterocolitica (8) were used to illustrate the usefulness of a PNA-based light-up probe in the LightCycler ™system (Roche Molecular Biochemicals, Mannheim, Germany). The first primer pair, which amplifies a 0.60-kb part of the plasmid-borne virulence gene yadA , generated a target for the light-up probe. The probe was synthesized as previously described by Svanvik et al. (16) and consisted of the dye thiazole orange (TO), which was linked with a five-carbon-chain linker to a 12-mer PNA oligonucleotide, TO-CTC -CATCTTTCT-Lys. The lysine moiety was attached to the carboxyl end of the PNA to increase its water solubility. The second primer pair, amplifying a 0.30-kb fragment, was used to illustrate the behavior of the light-up probe during amplification of non-target DNA. Template DNA was prepared by extracting Each amplification started with a denaturation step for 30 s at 95°C, followed by 40 cycles of 0.1 s denaturation at 95°C, 5 s annealing at 60°C, followed by a single fluorescence measurement, and finally 25 s elongation at 72°C. Amplification was completed with one cooling step for 1 min at 40°C. After amplification, the DNA products were visualized on an ethidium bromidestained 1.3% agarose gel. During amplification, the fluorescence was measured using the following gain settings: F1:80, F2:15, F3:30, display mode F1. After amplification, the crossing point value (Cp) of the reaction was determined using the second derivative method of the LightCycler software, version 3.0. The value of Cp is defined as the cycle in which the fluorescence significantly increases above the background because of the formation of amplified products (7) . Also, the relative fluorescence was determined by the ratio between the fluorescence readings with and without template DNA. Each of the amplification results given was obtained from at least two independent experiments.
RESULTS
No PCR inhibition was observed when 1 µ M light-up probe was present during amplification (data not shown). The fluorescence was measured after the primer annealing step, as is illustrated in Figure 1 . The measurement was performed after this step because no fluorescent signal above the background fluorescence could be monitored during the elongation and denaturation steps of PCR. The melting point of the light-up probe-DNA duplex was determined to be 66°C by measuring the UV absorbance at 260 nm.
The detection limit of the light-up probe was 0.4 pg DNA per reaction tube when three independent 10-fold serial dilutions were tested. Figure 2 shows that a linear relationship was obtained over at least 4 log units when the DNA concentration was plotted versus the Cp value. Figure 3 shows the difference between the increase in relative fluorescence upon the amplification of lightup target DNA [part of the yadAgene of Y. enterocolitica (8) ] and non-target DNA [part of the 16S rRNA gene of Y. enterocolitica (8) ]. As the sample for amplification, whole Y. enterocolitica cells were used instead of purified DNA. Finally, when measuring the fluorescence of the probes in samples without DNA or Yersiniacells, it could be concluded that the level of background fluorescence was below 1% of the end-point fluorescence values.
DISCUSSION
PNA is known to form very stable complexes with DNA, and this is exploited in PCR clamping (3, 12, 17) . In PCR clamping, PNA binds to non-mismatch template DNA and inhibits amplification, as the DNA polymerase cannot hydrolyze PNA oligonucleotides. In this assay, the light-up probe did not hybridize near the PCR primers, which is usually the case when PNA is used for clamping (7, 17) . Since there was no inhibition of the amplification and because no fluorescent signal was observed after the elongation phase, the results indicated that the probes were not hybridized to the DNA template during the elongation phase of the amplification (72°C). This was confirmed by determining the melting temperature of the probe, which was 66°C.
Concerning the sensitivity, the results are comparable those of other real-time PCR detection systems using DNA probes (1, 14, 19) and was three log units greater that that of the PNA molecular beacons system (11) . Other advantages of light-up probe technology when compared with other PNAbased systems such as PNA molecular beacons may be that it is a one-dye system and that the probes do not have to undergo structural changes, as do the molecular beacons upon hybridization.
Regarding the sequence specificity, Svanvik et al. (16) light-up probes can distinguish between PCR products that contain one single mismatch. This was in agreement with the lack of increase in fluorescence when non-target DNA was amplified ( Figure 3) . However, further studies are needed to investigate possible sequence dependency of the mismatch discrimination and the behavior of the light-up probes in complex matrices. The low background fluorescence (<1%) can be explained by the fact that there is no electrostatic interaction between the TO and the PNA oligonucleotide (16) , which results in only minimal backbinding of the probe to itself.
In conclusion, this study shows that, with a suitable probe design, light-up probes do not inhibit DNA amplification, as might have been expected from PCR clamping studies. The results indicated that sensitivity comparable to that of current real-time detection systems can be obtained without extensive optimization. However, a more systematic comparison between existing real-time technologies and light-up probe technology is necessary for the critical evaluation of the relative effectiveness of different probe systems. Bearing in mind the tolerance of PNA to changes in salt concentration, the results indi -S h o r t Technical Re p o r ts cate that this system might be well suited for direct detection of targets in complex biological samples. We have demonstrated that intact bacterial cells can be used as PCR samples instead of purified DNA. In conclusion, light-up technology is a new promising detection system for real-time, sequence-specific analysis of amplified nucleic acids.
